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I. INTRODUCTION

The current low energy data from solar, atmospheric and reactor neutrinos [1] established the oscillation hypothesis
with very small masses (< 1 eV) for the three generations of light neutrinos. Depending on whether neutrinos are
Dirac [2] (having distinct antiparticles) or Majorana [3] (they are their own antiparticles) fermions, these masses
originate from the corresponding Dirac or Majorana mass terms. The goal of the current experimental neutrino
programme is to determine the nine degrees of freedom of the neutrino sector: three light neutrino masses (ms, ma, ms),
three mixing angles (612, 023, 613) and potentially up to three CP phases: one Dirac phase (§) and two Majorana phases
(cr, B). The oscillation experiments allowed us so far to measure the two mass squared differences and the three mixing
angles, but we are yet to determine the absolute mass scale, the presence of C'P violation and whether neutrinos are
Dirac or Majorana fermions.

If neutrinos are Dirac fermions then lepton number is an exact symmetry of the low energy effective theory. On the
other hand, if neutrinos are Majorana fermions, there will be a violation of lepton number by two units. The latter
would necessarily predict neutrinoless double beta decay (0v38), i.e. the nuclear decay (A, Z) — (A, Z 4+ 2) + 2e~ of
various nuclei. The experimental non-observation currently provides lower bounds on the half life of this process in
various isotopes, of the order T7 /5 2 2% 102° yr [4-8]. This can be translated to a bound on the so-called effective Ov 33
mass parameter as mee. < 0.2 — 0.6 eV, with a large uncertainty due to the theoretical error on the relevant nuclear
matrix elements. Future experiments aim to improve the sensitivity on the Ov35 by about an order of magnitude,
with a corresponding improvement in m.. by a factor of 3. Thus the Majorana nature of light neutrinos will be
probed at future Ov3f experiments which will not only shed light on the absolute mass scale of the left-handed (LH)
neutrinos but may also indicate the mass hierarchy and mass mechanism for LH active neutrinos (for details, see
ref. [9]). If we assume that the SM light Majorana neutrinos are only contributing to this rare Ov3/ decay, then the
present experimental bound on the Or3f half life can be saturated with a quasi-degenerate (QD) pattern of light
neutrinos, while normal hierarchy (NH) and inverted hierarchy (IH) patterns of light neutrinos remain unreachable
within the sensitivities of current experiments. On the other hand, Planck [10] and other astrophysical observations
give a stringent bound on sum of masses of the light neutrinos, i.e, >, m; < 0.23 eV (95% C.L.) which is in tension
with the QD nature of the neutrinos and hence does not support the idea of light neutrinos being QD which saturate
the present Ovf3[ experimental bound. Hence, if this rare decay process were to be observed with currently running
experiments, it would indicate new physics contributions to Ov33 decay.

At present various seesaw mechanisms exist which could elegantly explain the small Majorana masses of three active
neutrinos without fine tuning. In the type-I seesaw mechanism [11] three right-handed (RH) neutrinos, which are
singlets under the SU(2) [, gauge group, are added to the Standard Model (SM). Integrating out the RH neutrinos with
heavy Majorana masses of the order Mg ~ 10'* GeV, the light neutrinos masses are generated as m, = MI%W /Mp.
Generally, the Majorana masses of the singlet RH neutrinos are free parameters of the model and hence can vary from
the GUT scale down to TeV scale or even lower. On the other hand, in the type-II seesaw mechanism [12] one adds a
scalar triplet A with hyper charge 2 to the SM spectrum. After electroweak phase transition, A acquires an induced
vacuum expectation value (VEV) and generates a Majorana mass matrix m, = f(A) for the three active neutrinos
through its symmetric coupling fALL to the lepton doublet in the SM. Note that the masses of the RH neutrinos
and the scalar triplet are not controlled by the SM gauge group.

A well motivated framework of beyond the Standard Model physics is the left-right symmetric model (LRSM) which
is based on the gauge group SU(2), x SU(2)g X U(1)p—1 [13]. In this case the masses of RH neutrinos and scalar
triplets are governed by the scale of SU(2)r x U(1)p_1, breaking. The neutrino mass matrix receives contributions
from both type-I and type-II seesaw mechanisms. If the breaking scale of SU(2)r x U(1)p_1, is at the TeV scale, the
RH neutrinos, the scalar triplet and the RH gauge bosons acquire TeV scale masses. This leads to many interesting
phenomena in the low energy effective theory. In particular, here we will focus on 0v3/3, lepton flavor violation (LFV)
and collider signatures of these TeV scale particles.

There are many studies [14-33] of various TeV scale models and their phenomenological consequences. With respect
to neutrinoless double beta decay, LRSMs can generate a large number of different non-standard contributions to Ov 50
involving purely LH and RH currents as well as diagrams involving both LH and RH currents and a heavy triplet
Higgs. In combination with the light neutrino masses arising in the corresponding seesaw mechanisms, this provides
stringent bounds on LRSMs. In addition, analyses made over the recent years explore the correlation between Ov(38,
LFV and collider signatures in certain TeV scale LRSMs involving purely RH currents via heavy neutrino plus Higgs
triplet exchange by assuming either a purely type-II seesaw dominance or a type-I and/or type-II seesaw dominance,
see for example [21] and [22, 27], respectively. The studies of OvS8 decays in LRSMs put constraints on the heavy
RH gauge bosons and RH neutrino masses which have to be compatible with the direct search limits from accelerator
experiments like the LHC [34] and from low energy LFV searches. All these studies so far assumed an explicitly
symmetric structure of the left-right model at TeV scales, i.e gr, = gr. Although these models provide a rich
phenomenology while keeping a low scale of left-right symmetry breaking, it is difficult to justify them while being



consistent with gauge coupling unification in a non-supersymmetric framework.

However, there exists another class of LRSMs with spontaneous D parity breaking [35, 36, 38] where a discrete
left-right symmetry called D parity is broken at a higher scale compared to the SU(2) g symmetry breaking scale. As
a result, an asymmetry is generated between the left- and RH Higgs fields making the coupling constants of SU(2)r
and SU(2)y, evolve separately under the renormalization group from the scale of D parity breaking down to the
TeV scale where the SU(2)r gauge symmetry is allowed to break. Consequently, the corresponding gauge couplings
strengths are no longer equal, g, # gr at the TeV scale which crucially affects low energy and LHC processes. Hence
the effect of g1, # gr should be examined carefully while deriving important conclusions at TeV scales.

In this paper we make an attempt to study the effect of g5, # gr in Ov33 decay, LFV and collider processes involving
RH currents in a class of TeV scale LRSMs with spontaneous D parity breaking. We ensure that the masses of RH
particles are of the order of the TeV scale by extending the left-right gauge group SU(2)r x SU(2)g x U(1)p_1, with a
D parity and make sure that the discrepancy between the SU(2), coupling g7, and the SU(2) g coupling gg is indeed
sufficiently large. By embedding this framework in a non-supersymmetric SO(10) Grand Unified Theory (GUT) with
Pati-Salam symmetry at the highest intermediate breaking step, we obtain gr/gr =~ 0.6 at th TeV scale. Below the
GUT scale, the D parity breaks first at a high scale ~ 10° GeV below which g;, and gr evolve differently. Moreover,
the breaking creates a large mass splitting between the LH and RH scalar particles. We assume that the LH scalar
particles are heavy leaving the RH scalar particles at TeV scales. Subsequently, SU(2)g breaks to U(1)g at a scale
of = 10 TeV, and the RH Wx boson acquires a TeV scale mass. In the next step, U(1)r x U(1)p_1, breaks at a scale
of O(TeV), leading to RH Zi boson and neutrino masses potentially accessible at the LHC. Consequently, the heavy
RH states can all be as light as the TeV scale. Moreover, the suppressed gauge coupling gr allows us to interpret
an excess of events observed in the range of 1.9 TeV to 2.4 TeV by the CMS group [39] at LHC as the signature of
a right handed gauge boson of LRSMs with spontaneous D parity breaking as pointed out in [40] and in subsequent
works [41, 42].

The plan of the paper is sketched as follows. In Section II, we briefly outline the TeV scale LRSM invoked with
spontaneous D parity breaking, embed the framework of a TeV scale LRSM in a non-supersymmetric SO(10) model
with Pati-Salam symmetry at the highest intermediate breaking step and discuss the one-loop renormalization group
evolution for gauge coupling unification. The neutrino mass generation of three active light neutrinos via the dominant
type-11I seesaw mechanism and the relation between light and heavy neutrinos are presented here as well. In Section III,
we analyze the possible contributions to Ov35 decay within our left-right model, i.e. with g;, # gr and with special
emphasis on Wr—Wp mediated diagrams. We then discuss the possible flavour violating effects and collider signatures
of this particular TeV scale left-right model in sections IV and V, respectively. Finally, we summarize our results and
conclude in Section VI.

II. LEFT-RIGHT SYMMETRIC MODELS WITH SPONTANEOUS D PARITY BREAKING

The purpose of this section is two fold: i) firstly, to briefly discuss left-right symmetric model with spontaneous D
parity breaking (L RSMp) while keeping Wr, Zr gauge boson masses around the TeV scale in order to have dominant
non-standard contributions for OvS8 decay, lepton flavor violation and associated collider signatures, ii) secondly, to
provide type II seesaw dominance for light neutrino mass generation mechanism and yield direct relation between
light and heavy neutrino mass eigenvalues so that one can easily deduce the complementary relation between Ov8,
LFV and Collider processes including new physics contributions.

The basic gauge group is SU(2)r x SU(2)g x U(1)p—1, X D, where D denotes the discrete left-right symmetry or
D parity. The matter sector of the model includes leptons and quarks transforming under the left-right symmetric

group as
v v
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It is quite clear that the RH charged lepton of each family which was an isospin singlet under the SM gauge group
gets a new partner vg. The two form an isospin doublet under SU(2)r of the left-right symmetric gauge group
SU(2)r, x SU(2)g x U(1)p—r x D. Similarly, in the quark-sector, the right handed up and down quarks of each
family, which were isospin singlets under the SM gauge group, combine to form the isospin doublet under SU(2)p.
As a result and before the left-right symmetry breaking, both left- and right-handed leptons and quarks enjoy equal
strength of interactions. This explains that parity is a good quantum number in the LRSM in contrast to the SM
where the LH particles are preferential under the electroweak interaction.



To implement the symmetry breaking, the Higgs sector of the present model consists of a SU(2) singlet scalar field
o which is odd under the discrete D parity, two SU(2), triplets Ap and Qp, two SU(2)g triplets Ag, Qi and a
bidoublet ® which contains two copies of the SM Higgs. Under SU(2)r x SU(2)r x U(1)p_r, the quantum numbers
of the these Higgs fields are given as

B 5_’_/\/5 5++ B B 5+/\/§ 5++ N
A = < L(S% —55/\/5) = (3,1,-2), Ap = ( R50R _55‘/\/§> =(1,3,-2),

(WY w2 Wk wh/V2
Q= (wL/L\/i iw% ) = (3,1,0), Op = (WR/R\/? fw% ) _ (1.3.0) )

o= <$§ ‘gg) = (2,2,0), o= (1,1,0).

The Higgs scalars and vector bosons of the present model transform under the operation of D parity as
YR — YR, ®—®", App—Arr, Qr—QrL, 0— —0, Wir— Wgy. (3)

The VEVs assigned for different Higgs scalars are given below

(5 8) - B(00). wa- (D)
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The LRSM gauge group breaks as SU(2)r x SU(2)g x U(1)g_1 x D 9, SU(2)r x SU(2)r x U(1)p—r since the
discrete left-right symmetry (D parity) breaks spontaneously after the scalar field o, odd under D parity, is assigned
a VEV without breaking SU(2)g. The subsequent step of symmetry breaking from SU(2)r, x SU(2)r x U(1)p—r to
the standard model gauge group SU(2)r x U(1)y is done via two steps: firstly, the SU(2)r breaks down to U(1)r
without breaking rank of the group by giving a VEV to the RH Higgs triplet Qg with zero (B — L) charge at scale Mg
and secondly, U(1)r x U(1)p_1, breaks down to U(1)y by assigning a VEV to (A%(1,1,-2,1)) ~ vg/V/2 at a latter
stage Mp_r. The SM gauge group SU(2); x U(1)y breaks to U(1)em by giving a VEV to the SM Higgs doublet
contained in the bidoublet ®. After spontaneous symmetry breaking, the RH charged gauge boson Wx gets its mass
from Qr VEV at around (6 — 10) TeV while the extra neutral RH gauge boson Zp obtained its mass from VEV of
Ap around 4 — 5 TeV. Thus, it is clear that the origin of mass of Wgr completely decouples from Zr mass origin and
hence, the Collider studies of these extra gauge bosons and the corresponding mass bounds should be revived again.

After some simple algebra, one can derive the analytic expressions for various Higgs scalar masses as well as gauge
boson masses as

2 2 2.2
2 __ 9rYR 2 9Lv
My, ~ S, My, ~ ==,
1 M2
2 2 2 2 2 2 W
Mz, = B (95-1 + 9r) (v° + 4vR), Mz, =~ o2 HLW’ (5)
MR, ~ liA, — Mo)M, MX, ~ pA, + ANo)M,
MS%R ~ /’L?lR - )\I<0>MI7 MS%L ~ /’L?ZL + )\I<0>MI7

where v = \/v2 +v3 = 246 GeV, is the electroweak scale, fy is the Weinberg mixing angle such that sin? Oy ~
0.23116. The other parameters like A and ) are the trilinear Higgs coupling and (o), M, M’ are of the order of
D parity breaking scale. The LH fields i.e, Ay, and €, remain heavy when SU(2)r gauge symmetry breaking scale
decouples completely from the D parity breaking scale [35]. As a result, the low energy Lagrangian has an invariance
under Left-Right gauge group but not under D parity.

A. SO(10) GUT Embedding

We note that the gauge coupling gr corresponding to the gauge group SU(2)g is a free parameter within the
low energy asymmetric left-right model due to spontaneous D parity breaking. However, we can calculate it by
embedding the left-right gauge group in a non-supersymmetric SO(10) GUT and examine the renormalization group
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FIG. 1: RG evolution of gauge couplings yielding gr/gr = 0.6 within a non-SUSY SO(10) GUT, where G224 and Ga213 occur
as intermediate symmetry breaking steps. The plot shows the running of a;l = 471'/91-2 for the couplings g; of the relevant
gauge groups as a function of the energy scale p where ¢ = 2L,2R,4C, 1R, BL,3C,Y. The gauge breaking scales, as denoted
by the dashed vertical lines, consistent with gauge coupling unification are: Mz = 91.2 GeV, Mp_1 ~ 4 TeV, Mq =~ 6 TeV,
Mc ~ 10° GeV, Mp ~ 10°° GeV and My ~ 10'® GeV.

(RG) evolution of the gauge couplings at the one-loop level. The gauge coupling unification then predicts the value
of gr at TeV scales.

Here we make an attempt to embed the model in a non-SUSY SO(10) GUT by considering the Pati-Salam symmetry
at the highest intermediate breaking step (see [30, 43] for details) as

SO(10) 2% Gosap 25 Goog XS Ganig 22 Goyus Mot Gors 25 Gy (6)

The breaking of SO(10) to the Pati-Salam group and D parity invariance, SO(10) — Ga24p, can be achieved by
giving a VEV to Gag4 singlets residing in a {54} g-plet Higgs of SO(10) which is even under D parity. The Gaoy
multiplet (1,1,1) C {210}y, being odd under D parity, is responsible for the second stage of symmetry breaking:
Go24p — Gao24. We denote this scale by Mp where D parity invariance breaks. This stage is crucial as it results in
different masses for the fields Az, Qp and Ag, g, and therefore the SU(2); and SU(2)r gauge couplings evolve
differently from this scale downwards, yielding gz, # gr. The key role of the Pati-Salam symmetry with or without
its embedding in the SO(10) model is to give the ratio gr/gs, a drastically different value from unity.

The next stage of symmetry breaking Gaoq — (Ga213 is achieved by assigning a VEV to Pati-Salam multiplet
(1,1,15) C {210} g where SU(4)¢ breaks to U(1)p_r x SU(3)¢c at a scale M¢. The breaking of Pati-Salam symmetry
occurs around 10°—10°% GeV and thus, the di-quark Higgs scalars and leptoquark gauge bosons get their masses around
the same scale. The model has potential to predict neutron-antineutron oscillation via the exchange of di-quark Higgs
scalars with a mixing time 7,,_7 with mixing time very close to limits derived by recent ongoing search experiments
[44].

The subsequent stage of symmetry breaking Gao13 — Gai13, where SU(2) g breaks to U(1) g without breaking the
rank of the group, is generated by the VEV of the G2213 component under the Pati-Salam gauge group, Qz(1,3,0,1) C
(1,3,15) C {210} 5. The corresponding scale is denoted as Mg and which is of the order 6-10 TeV. As a result we
get the RH charged gauged boson mass My, around 2-3 TeV. Subsequently, the RH triplet Higgs field Ar C
ARg(1,3,-2,1) belonging to the Higgs representation 126y acquires a VEV and thus breaking G2113 — Gsar, where
U(1)r x U(1)p—y, breaks to U(1)y. This is another important stage of symmetry breaking which results in TeV scale
masses for extra neutral gauge boson Zg, the RH neutrinos and RH Higgs triplets. The final stage of symmetry
breaking Gsy — SU(3)c X U(1)em occurs via the VEV of the SM doublet ¢ C 10p.

The general renormalization group equations (RGEs) can be found in Ref. [45] and we here present the one-loop
RGEs for the various gauge couplings

a on (7)



where we have denoted the fine structure constants by a; = ¢2/(4w) with i = 2L, 2R, 4C, 1R, BL,3C, Y, the one-loop
beta coefficients by a; corresponding to the i*" gauge group and the log-scale of the energy by t = In(u/po) with
respect to an arbitrary reference energy po. The numerical values of a; for the breaking scheme (6) is given in Ref. [43].

We find that gauge coupling unification is not consistent with TeV scale Wg, Zr gauge bosons and a reasonably
low D parity breaking scale around 10% — 10° GeV. Few attempts have already been taken where D parity is broken
at higher scale (> 102 — 10 GeV) while keeping Wi and Zp masses around few TeV scale [30, 43]. Since our
subsequent analysis will based on the type II seesaw dominance mechanism for light neutrino masses, such large
value (> 1012 — 10'® GeV) for D parity breaking scale makes the type II seesaw contribution of neutrino mass really
suppressed.

Therefore, in addition to the usual Higgs multiplets 10y, 126, 2105 and 54 4, necessary for the breaking of SO(10)
to the SM, we have added extra SO(10) Higgs representations, such as 16y and 1265/ to bring further down the scale
of D parity while maintaining the gauge coupling unification. The lowering of D parity also increases the type-II
seesaw contribution of neutrino mass as the latter is inversely proportional to the scale of D parity breaking [36].

The symmetry breaking scales consistent with gauge coupling unification, and TeV scale RH gauge bosons Wg
and Zp are found to be Mp_; ~ 4 —5 TeV, Mg ~ 6 — 10 TeV, Mo ~ 10° — 10° GeV, Mp ~ 10°6 GeV and
My ~ 10'® GeV. The most desirable prediction of the model is the values of g;, and gg at the TeV scale consistent
with gauge coupling unification as gy, ~ 0.63 and gr ~ 0.38. The ratio between these two couplings at the TeV scale

is therefore
IR _ 0.60. (8)
gL

In the following sections, we will examine carefully the effect of gr = 0.6g7 on the low energy process like Ov33 decay
and LFV processes as well as collider signatures. Our model is not the only possibility to produce a non-universality
between the left and right gauge couplings at the TeV scale. A survey of models based on SO(10) without manifest
Left-Right symmetry is presented in [37].

B. Neutrino Masses

The relevant terms responsible for giving masses to the three generations of leptons are

Ly'u.k = hijﬁ_LiKRj@ + iLijﬁ_Liéiji) + fij (éLi)céLjAL + (éRi)chjAR + h.c., (9)

where 62 r = (vp,r,er,r). The discrete left-right symmetry ensures that the Majorana Yukawa coupling matrix f

is the same for both left- and right-handed neutrinos. The breaking of left-right symmetry to U(1)e, results in the
complete 6 x 6 neutral lepton mass matrix M, in the (vp, N§) basis given as

_( My Mp
MV_<M’£; MR>7 (10)

where the Majorana mass matrix Mg of the heavy RH neutrinos is dynamically generated by the VEV of RH heavy
Higgs triplet, i.e (Ar) = vi while the Majorana mass matrix of the LH neutrino masses is generated through the
Higgs triplet VEV (Ar) = vr, Mg = fug . The Dirac mass matrix is given by Mp = hv, + hvg. The symmetric
complex matrix M, is diagonalized by a unitary mixing matrix V relating the neutrino flavour states with the mass
eigenstates («, 8 = e, u, 7 denote the flavour states while 4, j, k = 1, 2,3 denote the mass eigenstates) as

(@2) =V (K@) = (g 5) (ka) : (11)

The diagonalization is expressed as M = diag(my, ma, ms3, My, Ma, M3) = VIM,V* and it can be understood in
two steps: firstly, the block diagonalization of M, by a mixing matrix W as WIM,W* = Mgp, and secondly, the
block diagonalized mass matrix is diagonalized by a mixing matrix U as UT MpplU* = Mdi28. The form of the unitary
mixing matrix V is to first order in the left-right mixing given by

_ _ (U S\ _ (1-1iRRT R u, 0\ _( U, RV 5

with R = Mp M Yy ow3 (M z 1)3) defining the left-right mixing. The last approximation is valid for the case of
small left-right mixing i,e R = MDMIE1 < 1. We now have VIM,V* = Md2e where the unitary matrices U, and



Uy are defined by
My, — MpMg' M} = U, - diag(my, ma,ms) - U, (13)
Mpg = Uy - diag(My, My, M3) - Ux,. (14)

In the basis where the charged lepton mass matrix is already diagonal, the matrix U, can be identified with left-handed
charged-current mixing matrix Upynsg. With these simplifications, the light neutrino mass matrix can be written as

my, = My, — RMgrRT =m!l +ml, (15)

where ml! = My = fuy, is the type-II seesaw contribution [12] and m = —MDM]?ME = —RMRRT" is the type-I
seesaw contr1but1on [11] to the light neutrino masses. Observed phenomenology requires vy <K vg < v, <K vgr. The
analytic expression for the VEV of the LH Higgs triplet Ay, by minimizing the scalar potential, can be expressed
as [36]

3U2UR
M{o)’

where v = \/v2 + v3 ~ 246 GeV, S8 is a coupling constant of O(1) and the other mass scales M, (o) are of the order
of the D parity breaking scale i.e. Mp ~ 108 —10% GeV for our present discussion. Notice that in the above equation
the smallness of the VEV of Ay is determined by the D parity breaking scale, not the U(1)g x U(1)p_r breaking
scale and hence there are no constraints on vg from the type-II seesaw point of view. As a result the mass scale of
RH neutrinos can be of the order of the TeV scale while consistent with the oscillation data.

It is worth mentioning here that the matrix R plays a crucial role for phenomenology as it describes the mixing
between the light LH and the heavy RH neutrinos. However, we here restrict our analysis to the case where the light
neutrino mass matrix is governed by pure type-II seesaw dominance while assuming the Dirac neutrino mass matrix
is small and therefore the type-I contribution plays a negligible role. See for instance [21]. Under the assumption of
type-1I seesaw dominance, the light neutrino mass matrix is directly proportional to the heavy neutrino mass matrix,

vy ~ (16)

vr, Bu?
L~ M = = ~“Mr =——Mgpg. 17
m L= fug on R Moy R (17)

An immediate important consequence is that the mass spectra are directly proportional to each other, i.e. m, < Mp.

C. Charged-Current Lepton Interactions

Most relevant for our phenomenological analysis, the charged current interactions in the flavour basis valid for this
particular version of a left-right model at the TeV scale with unequal strength of SU(2), and SU(2)r gauge couplings
are

Elg% = Z [ ar V(1= 5)va, Wi, + —EQRW (1 +75)NO¢RWRM] + h.c.
a=e,u,T
~ = Z { «iCLY VLZ(WM +§W2u) V*€R7 Ngi(— EWy, —|—W2_M)} +h.c., (18)

where we have considered that the LH and RH charged gauge bosons mix with each other and hence the physical
gauge bosons are linear combinations of Wi and Wg as

Wy = Wrgcosé + Wgsing, (19)
Wy = —Wrsin€ + Wgcosé (20)
with
Vy Vg gr\° [ Mw, \*
tan 26| ~ == ~ £ —L> , 21
| 4 vR (QL) (MWR 2

2
where the upper bound on the mixing angle is given by £ < (%VVZL ) . For a TeV scale right handed gauge boson one
R

gets £ < 1073 [46, 47]. As mentioned above, here we consider a case where the Dirac term in the neutrino mass matrix
is negligible in order to have type-II seesaw dominance. Since the type-II seesaw mechanism gives a light neutrino
mass matrix of the form m, = fvp = 5—;M R, the mixing among the LH and RH fields are equal up to a phase, i.e
V=U" '
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FIG. 2: Diagrams contributing to neutrinoless double beta decay: Standard LH charged current interaction through the
exchange of light Majorana neutrinos (left), RH charged current interaction through the exchange of heavy Wgr bosons and
heavy neutrinos (middle), doubly charged RH triplet Higgs scalar mediation (right).

III. NEUTRINOLESS DOUBLE BETA DECAY

The purpose of this section is to examine analytically as well as numerically in detail the relevant contributions to
Ovf3p decay within the model under consideration.

A. Analytic Amplitudes

Following the form of the charged current interactions given in Eq. (18), there are several Feynman diagrams
contributing to Ov/3f process. These diagrams include (i) the standard mechanism due to Wi, — W, mediation via
the exchange of light active Majorana neutrinos vy, (Fig. 2 (left)), (ii) Wr — Wx mediation with purely RH charged
current interaction through the exchange of heavy RH Majorana neutrinos (Fig. 2 (middle)), (iii) exchange of charged
triplet Higgs fields. The diagram with Wr —Wpx mediation via the RH Higgs triplet exchange is shown in Fig. 2 (right)
while the analogous diagram with a LH Higgs triplet is severely suppressed by the light neutrino masses; (iv) diagrams
arising due to the affect of Wy — Wx mixing which are suppressed in our case as the Wy, — Wg mixing is found to be
< 1073, (iv) diagrams arising due to light-heavy neutrino mixing proportional to % and therefore negligible in our
case. The Feynman amplitudes for the three contributions in Fig. 2 can be expresseﬁ as

A, ~ Z Ue mz = G2 m°° (22)
My, \* S~ V2
N gL MWR ;MNi ( )
4
My V2 MN
Az—GQ( > ( L) ) 24
g gL Mwy zz; 5" (24

where |p| ~ 100 MeV is a measure of the light neutrino momentum transfer, of the order of the nuclear scale and Gp
is the Fermi coupling constant. Equation (22) defines the effective Ov/33 mass me.. The analytic expression for the
Feynman amplitude due to heavy neutrino exchange has been derived assuming that the heavy neutrino masses are
larger than the typical momentum exchange scale, i.e. M; > |p|.

For a rough estimate of the individual contributions, we define the masses of all particles belonging to the RH
sector (My,, Mw,,, Mé,,) as Ap ~ TeV (although Mé,, can be as light as a few hundred GeV) and the mass of Wy is

of order Agw =~ 100 GeV With these approximations and using V' = Uand |p| = 100 MeV, one can compare the
non-standard amplitudes due to heavy RH Majorana neutrino and doubly charged Higgs exchange with the standard

mechanism as
1P?] Asw
(gL) my A5 ' (25)

It is clear that the non-standard contributions can dominate over the standard mechanism for TeV scale RH particles.

Ay

o
Ay




Isotope Go7 (y 1) M, My
Ge 5.77 x 10715 2.58-6.64 233-412
136Xe 3.56 x 107* 1.57-3.85 164-172

TABLE I: Phase space factor G5Y [50] and nuclear matrix elements M,, My [51] for the isotopes "Ge and *®Xe. The NMEs
of "Ge have been used throughout our numerical calculation, including their indicated uncertainties as appropriate.

B. Decay Rates

The Feynman diagrams for O3 transition as shown in Fig.2 have LH (e e;) or RH (egey) electrons in the
final states. Thus, the corresponding nuclear matrix elements affect the decay rates of different particle exchange
contributions to Ov33 decay which crucially depends upon the chirality of the hadronic and leptonic currents involved
[19, 27, 28, 30]. The analytic expression for the inverse half-life of a given nuclear isotope considering only the relevant
contributions due to light neutrino, heavy neutrino and doubly charged RH Higgs can be expressed as

1

Ty,

v 2 v
= GOY IMuny + Mn(ng 4 15:)|° = GOY (IMP 0w + IMN P (Inngl® + 1ns:17)) 5 (26)

where G¥ is the nuclear phase space factor in the standard mechanism and M, y are the respective nuclear matrix
elements (NMEs). The numerical values for these quantities are presented in Table. I for isotopes "®Ge and 13¢Xe. In
Eqn. (26), we neglect small interference terms between the different contributions. The dimensionless particle physics
parameters nx characterizing are given by

1
v = Uei B9 27
= Z m (27)
4 *2
JR MWL> Ve
I ! (QL) (MWR Z (28)
4 *2
9RrR MWL> V MN
—m, (92 , 29
on ! (gL) <MWR Z 6” )

where m, and m,, is the mass of electron and proton, respectively.

The experimental non-observation of Ov53 currently provides lower bounds on the half life of thls process in various
isotopes. So far there has been only one claim of observation of Ov33 with Ty,, ~ 2. 23+8 31 < 10%° yr in 6Ge
at 68% CL by a part of Heidelberg-Moscow (HM) experiment [5]. Using the same isotope, the non-observation of
OvBB by GERDA collaboration recently sets a new limit on the half-life to be T1/2(76Ge) > 2.1 x 10%° yr at 90%
CL [6]. The combined limit from all the Ge based experiments such as HM [4], GERDA [6] and IGEX [7] gives
Ty /2("Ge) > 3.0 x 10% yr at 90% CL, which strongly disfavours earlier claim of HM experiment [5].

Similarly the non-observation of Qv by the KamLLAND-Zen Collaboration recently provide a lower bound on the
half life of '3%Xe to be Ty > 1.9 x 10% yr [8]. In case of "®Ge, the combined limit on half-life time from HM [4],
GERDA [6] and IGEX [7] can be translated into bounds for the effective parameters Eqs. (27) - (29),

M S (3.6—-93)x 1077, nnpes S (0.6 —1.0) x 1078, (30)

assuming only one contribution is dominant at a time.

The analytic expression of the effective mass parameter due to the exchange of light neutrinos can be written in terms
of the PMNS mixing angles 012, 613, the Majorana phases «, § and the mass eigenvalues with a NH (m1 < ma < ms)
or an IH pattern (mg < my < ma),

me, = ’mlcﬂc% + mgsﬂc%e*m + ms s%eiiﬁy . (31)
Fig. 3 shows the prediction for the effective 0v33 mass mY, (left panel) and the corresponding half life of °Ge (right
panel) as a function of the lightest neutrino mass. The coloured bands show the variation due to the experimental
uncertainty in the oscillation parameters and the unknown Majorana phases 0 < «, 8 < 7. The bands in Fig 3 (right)
in addition include the "®Ge NME uncertainties as shown in Tab. I. The red (blue) coloured bands correspond to a
NH (IH) pattern of light neutrinos using the best-fit values of the oscillation parameters while the green and yellow
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FIG. 3: Effective Ov38 mass (left) and "°Ge half life (right) in the standard mechanism as a function of the lightest neutrino
mass. The red (blue) coloured bands show the variation due the Majorana phases for a NH (IH) pattern of light neutrinos using
the best-fit values of the oscillation parameters while the green and yellow bands correspond to an additional 30 variation of
the oscillation parameters.The vertical lines represent bounds from Planck and KATRIN while the horizontal lines denote the
experimental bounds from GERDA and a combination of the GERDA, Heidelberg-Moscow and IGEX experiments.

Oscillation parameter Best Fit 30 Range

Am3,[10"°eV?] 7.500 7.00 - 8.09
|[Am3; (NH)|[10™%eV?] 2.473 2.27 - 2.69
|Am3s(IH)|[107%eV?] 2420 2.24 - 2.65

sin® 012 0.306 0.27 - 0.34
sin? Oag 0.420 0.34 - 0.67
sin? 013 0.021 0.016- 0.03

TABLE II: Global best fit values and 30 uncertainties for the neutrino mass squared differences and mixing angles [48].

bands correspond to a 3¢ variation of the oscillation parameters, as given in Tab. II. The limit on the half life of
"6Ge by the GERDA experiment can be translated to a bound on the effective mass parameter m%, < 0.21 —0.53 eV,
presented by the dashed blue lines shaded by a light blue band in the left panel of Fig. 3. Similarly, the corresponding
bound on the effective mass can be derived from the combined experimental limits from GERDA, Heidelberg-Moscow
and IGEX at 90% C.L and is denoted here by the corresponding horizontal line and band. The vertical dashed lines
denote the experimental bounds on the lightest neutrino mass from cosmology [10] and KATRIN [49].

From Fig. 3 it can be inferred that if one assumes that only the light Majorana neutrinos contribute to Ov58 and the
light neutrinos are quasi-degenerate, then the experimental limit on the half-lives [6, 8] is saturated as shown in the
right panel of Fig. 3. However, the stringent bound on the sum of masses of the light neutrinos, i.e ), m; < 0.23 eV
(95% C.L.) from astrophysical observation such as Planck [10], is in tension with a QD nature of light neutrinos.
Future sensitivities of the planned Ov33 decay experiments aimed at probing the effective mass less than 0.1 eV,
may probe IH pattern of light neutrinos. In order to probe the normal hierarchy is not possible in the near future
with Ov58 decay experiments and moreover, it is possible that the decay rate might effectively vanish because of the
presence of the Majorana phases. While the tension between cosmology and Ov34 is not yet stringent, one possibility
to evade it is through the presence of non-standard new physics contributions to Ov33 decay, for example arising in
left-right symmetry models as discussed here.

For type-II seesaw dominance, the mass eigenvalues of the RH Majorana neutrinos are directly proportional to the
light neutrino masses,

UR

= — Vis 32
Lo, (32)

My,

7

where the ratio of the two VEVs Z—f is independent of the generation. Hence, one can express the heavy neutrino
masses in terms of light neutrino masses, for example fixing the heaviest RH neutrino mass at 1 TeV (i.e. My, for
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FIG. 4: As Fig. 3, but showing the 0v88 half life of "®CGe arising in the combined contribution from light neutrino, heavy
neutrino and RH Higgs triplet exchange. The heavy mass scales are fixed as My = M5, = 0.75 TeV and Mw, = 2.2 TeV.

NH pattern and My, for IH pattern),

My, = —My,, NH, (33)
ms

My, = 20y, TH. (34)
ma

Similarly, the heavy neutrino mixing matrix is determined by V = U™ and consequently all three Ov33 effective

parameters 7, Ny, and 75, can be expressed in terms of the light neutrino oscillation parameters, the Majorana

phases «, 3, the lightest neutrino mass and the heavy masses My, My -, My, ,. In addition, the RH contributions
, s ,

to the Ov3f half life are suppressed by (gr/gr)® leading to reduction of almost two orders of magnitude compared to
the minimal left-right symmetric model with gr = g, and all other parameters kept the same.

In Fig. 4, we show the "°Ge 0v33 half-life due to the combination of light neutrino, heavy neutrino and RH Higgs
triplet exchange as a function of the lightest neutrino mass. In order to estimate this half life we have taken the best
fit and 30 ranges of oscillation parameters from Table. II, the NMEs from Tab. I and fixed the heavy mass scales as
My = Ms, =0.75 TeV, My, = 2.2 TeV. In addition to the oscillation parameters, the Majorana phases have been
varied from 0 to . Several important conclusions can be drawn: (i) the purely RH current contributions via heavy
neutrino and triplet Higgs exchange can saturate the current experimental limit even for a normal hierarchical pattern
of light neutrinos. (ii) one can derive a lower bound on the lightest neutrino mass of Myightess ~ 0.45 - 3.5 meV (NH
pattern) and 0.015 - 0.1 meV (IH pattern) due to the heavy RH contributions increasing for smaller myightest- This
limit depends on the heavy mass scales. (iii) There is an upper limit on the half life, i.e. it is not possible that all
contributions vanish at the same time.

We conclude that the current experimental bounds and near future sensitivity in lepton number violating Ov33
decay can also be saturated in a normal hierarchical pattern of light neutrinos due to the non-standard contributions
from heavy RH neutrino and RH Higgs triplet exchange. Hence, if a future experiment observes a signal of Ov3[
decay with a half-life of TIO/VQ'B P~ 3 x 102 y, it could be an indication for beyond the SM physics.

In our earlier discussion regarding the Ov /35 half life, we have fixed the heavy scales of the model as My = M 5 =
0.75 TeV and My, = 2.2 TeV. Instead of fixing these model parameters, we now randomly vary them independently
within a range, Mn = Mw,, = M%T =100 GeV - 100 TeV and the lightest neutrino mass miightest = 107* = 1.0 eV.
The correspondingly generated parameter points are projected on the My, — Miightest Plane in Fig. 5. The oscillation
parameters are at their best-fit values taken from Table. II. The left and right panels of Fig. 5 are in the case of NH
and IH light neutrinos, respectively. The green points satisfy the current Ov33 half life limit T} ;o > 1.9 x 10%° yr while
the red points are additionally testable in the near future, i.e. they correspond to 3.0 x 1026 > Ty >1.9x 1025 yr.
Including the cosmological bound mijghtest < 0.077 €V, we see from Fig. 5 that in the case of both NH and IH of
light neutrinos, most of the parameter space spanning M < 1 TeV and miightess & 0.077e¢V) is almost ruled out since
M <1 TeV will lead to Ty /2 < 10%° yr, which is in contradiction with the current observation from 0v33 decay.
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FIG. 5: Scatter plot in the common heavy scale M = Mw, ~ Ma ~ My and the lightest neutrino mass (Miightest ), for
NH (left) and IH (right) light neutrinos. The light green dots represent parameter points satisfying the current OvS33 limit
Ty > 19X 10%° yr while the red points are additionally testable in the near future, i.e. they correspond to 3.0 x 10%yr >
Ti/> > 1.9 x 10% yr.

IV. LOW ENERGY LEPTON FLAVOUR VIOLATING PROCESSES

The observation of neutrino oscillations suggests that lepton flavour violation should also take place in other
processes. In the given model, the mechanism of light Majorana neutrino mass generation is tightly connected to the
phenomenon of charged lepton flavour violation (LFV). Due to the dominance of the Seesaw type II scheme, the mixing
among the heavy RH neutrinos is essentially identical as the light neutrino mixing described by the already well-known
PMNS matrix Upyns. If only light neutrinos were to contribute, LFV is hugely suppressed by the GIM mechanism,

e. (Am2/m3,) ~ 107°0. The resulting LFV process rates are far below from any experimental sensitivity. On the
other hand, sizeable charged lepton flavour violation naturally occurs in the LRSM due to the contributions from
the heavy RH neutrinos and Higgs scalars. Because of their sensitivity, we here focus on low energy LF'V processes
1 — ey, i — eee and p — e conversion in nuclei, and for example do not consider LF'V 7 decays. For a review of LF'V
and new physics scenarios, see for example [52]. In the LRSM, the processes are described by the diagrams shown in
Figures 6 and 7, respectively.

The branching ratios Br(u — evy) and Br(u — eee), as well as the conversion rate R (1 — ¢) in a nucleus have been
calculated in [53], within the context of the LRSM. In general, these processes depend on a large number of parameters,
but when assuming that all heavy mass scales have the same order of magnitude, my, ~ mw, ~ ms;—— ~m 5 the

L
result can be greatly simplified. Such a spectrum is naturally expected, as all masses are generated in the breaklng
of the RH symmetry. The expected process rates are then given by [53]

4 4
1 TeV
Br(u — ey) = 1.5 x 1077 |ge,|? <g—R> ( ° ) (35)
gL Mmwg
4 4 m2 2
1 TeV o
RN(u—e)~ Xy x 10~ 7|gw|2( ) ~ V) . log 51; , (36)
gL My~ my
4 4 4
1 JR My, mw
B cee) g hupic (22 ( LA 37)
2 gL még, még,

n (36), X(a1mi,Au) ~ (0.8,1.3,1.6) is a nucleus-dependent form factor and ge,,, hi; describe the effective lepton-gauge

and lepton-Higgs LF'V couplings,
2
Gep = Z en ;Ln< > ’ (38)
Wr

h’LJ = Z ‘/’Ln‘/jn <mNn ) ) Zv] =€, [, T. (39)
n=1

mWR
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FIG. 6: Diagrams contributing to p — ey in the LRSM.
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FIG. 7: Dominant diagrams contributing to u — e conversion in nuclei (left) and p — eee (right) in the Left-Right symmetric
model. The grey circle represents the effective ;1 — e—gauge boson vertex with contributions from Figure 6.

As shown in [53], the above formula are valid if the masses generated in breaking the RH symmetry are of the same
order, 0.2 < m;/m; < 5 for any pair of m; j = my,, mw,, ms——, ms——.
. ) L R

The Equations (35) - (37) immediately allow the following observations: (i) Both Br(u — ev) and RY (u — ¢) are
proportional to the common LFV factor |ge,|?. In addition, the ratio of their rates is R (1 — €)/Br(p — ey) = O(1),
largely independent of the heavy particle spectrum, due to the enhancement of the doubly-charged Higgs boson
contributions to p — e conversion. (ii) The LFV couplings are generically such that |ge,| ~ |k} heul, and thus
Br(u — eee)/RN(n — €) = O(300) for mg-~ ~ 1 TeV. This can be understand as y — eee is mediated at the tree

level in the LRSM, cf. Fig. 7 (right). (iii) Due to the Seesaw type II dominance in our model, the LFV couplings (38)
are tightly connected to light neutrino oscillations, V = Upmsy and AM7, = My, — My, = (M /mu,)?Amg;. (iv)
The dominant contributions to all three LFV processes are suppressed by a factor (gr/gr)*. The above theoretical
predictions should be compared with the current experimental upper limits at 90% C.L. [54-56],
Brexp(p — ey) < 5.7-10713,
RO (n—e) <8.0-10719, (40)

Brexp(pn — eee) < 1.0- 10712,

The experimental limits are roughly of the same order, and Br(u — eee) provides the most restrictive bound at the
moment. In the near future, the currently running MEG experiment [54] aims for the sensitivity

Braa (s — e7) ~ 10712, (41)
and the COMET and Mu2e experiments both plan to reach [57, 58]

Réommr(p— €) ~ 10710, (42)
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FIG. 8: Low energy LFV process rates as a function of the lightest neutrino mass Mmiightest and the common heavy mass M,
in the case of normal (left) and inverse (right) neutrino mass hierarchy. The oscillation parameters are chosen at their best fit
values, and the RH gauge coupling gr = 0.36. The solid curves correspond to the respective current limits, whereas the dashed
curves give the expected future sensitivities. The shaded area is excluded from current LFV searches.

The general impact of these limits and sensitivities on the model is shown in Fig. 8. Here we describe the model
in terms of the two relevant mass scales: the lightest neutrino mass mijghtest and the common heavy mass scale
M = My, Mw,, M527 , Mégf. Putting all masses to the exact same value is a strong simplification, but it allows to

easily see the rough dependence. The oscillation parameters are set to their respective best fit values (with a vanishing
Dirac C'P phase), and the left and right show the case of normal and inverse neutrino mass hierarchy, respectively. The
RH gauge coupling is set to its expected minimal value gr = 0.36. As expected from the above general considerations,
the observable Br(u — eee) currently provides the most stringent constraint on the model parameter space. In any
case, it can be seen that LFV searches put a strong constraint on the heavy scale of the model, despite the reduced
RH gauge coupling. All LFV constraints become weaker for increasing mijghtest as both the light and heavy neutrino
mass spectrum becomes increasingly degenerate resulting in a GIM-like suppression of all LF'V effects. In this regard,
LFV observables are complementary to Ov 33 which strongly constrains quasi-degenerate neutrino spectra, cf. Fig. 5.

Of course, the use of a perfectly commensurate heavy spectrum is an unrealistic simplification. The generalization
for a less constrained spectrum is shown in Fig. 9. Here we scatter the masses M x of the heavy gauge and Higgs bosons
within the range 0.3My < Mx < 3My, and the oscillation parameters according to their experimental errors around
their best fit values. The different colours signify the experimental testability: The light green points are allowed by
current LFV searches whereas the dark red boxes additionally yield R4 (x — €) > 1070 i.e. can be probed in the
future at COMET or Mu2e. As a result of the additional model freedom, the size of the allowed parameter space
increases considerably, and heavy neutrino masses as low as My =~ 2 TeV are allowed even for hierarchical light
neutrino spectra with miightest S 1072 eV. Nevertheless, the scatter plots in Fig. 9 illustrate that future LE'V searches
such as COMET and Mu2e will be able to probe a large swathe of parameter space.

V. COLLIDER SIGNATURES

In the LRSM, lepton number and flavour violation can be probed via various processes at the LHC. Generically,
oy . . . . . +,4+,F .
the most sensitive process is given by heavy RH neutrino exchange leading to the signal pp — Wr — [77157" + 2 jets
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FIG. 9: Random scatter plot in the parameter plane spanned by My and Miightest. The oscillation parameters are varied
according to their experimental errors for normal (left) and inverse (right) light neutrino masses, and the other heavy masses
Mx in the range 0.3Mpy < Mx < 3My. The light green points satisfy all current LFV limits whereas whereas the dark red
boxes additionally yield R (1 — e) > 1071°, i.e. can be probed at COMET or MuZ2e.

at the LHC [59-63], cf. Fig. 101. As can be immediately seen by comparing the diagram with Fig. 2 (middle), the
process is essentially the resonant high-energy version of the heavy neutrino contribution to Ov 34 decay, if two same
sign electrons are produced. The potential to discover lepton flavour number violation using this process has analyzed
in [64, 65]. We here adapt the analysis of [64] to our specific model and summarize below the salient features. For
more details on the LHC process analysis, see [64].

While we were preparing this manuscript, the CMS collaboration at LHC has reported an updated bound on the
mass of the RH charged gauge boson in the LRSM from their analyses of events at a center of mass energy /s = 8 TeV
with an integrated luminosity of 19.7 fb™* [39]. The CMS collaboration looked for the same signature we discuss here,
namely two leptons and two jets arising from the s-channel production of a Wgr boson, which decays through a RH
neutrino N as proposed in [59], which subsequently decays through an off-shell Wx (other decays of a Wi have been
discussed in [70]),

pp — Wgr — 11N — lllQW;% — lils +2 jets. (43)

The CMS analysis treats events with two electron and two muons separately but it does not differentiate between
lepton charges. Nevertheless, it reports that among the 14 potential signal events seen, only one same sign lepton
event was observed. The analysis does not consider lepton flavour violating signatures with both an electron and a
muon. With no significant excess observed in the data, a lower limit on the Wx mass my,, < 2.87 (3.00) TeV at 90%
CL is reported in the ee (up) channel, for My = %MWR. Intriguingly, the data exhibits an excess in the ee channel
with a local significance of 2.8¢ for a Wi mass My, ~ 2.1 TeV. No corresponding excess is seen in the pu channel.
The CMS analysis also reports that it does not see any localized excess in the distribution expected from the decay
N — Iy + 2 jets.

The CMS analysis compares the experimental result with the theoretically predicted cross section in the minimal
LRSM using g1, = gr. Here, the ee excess cannot be understood as the predicted cross section is too large by a factor
of = 3 — 4. As reported in our dedicated letter [40], this issue can be reconciled in LRSMs with D parity breaking
that predict a smaller value g =~ 0.6g;. This provides additional motivation to explore the observed excess despite
its insufficient significance. Other analyses in the context of LRSMs were performed in [41, 42]. The excess has also
been discussed in other theoretical contexts [71-75].

With the negligible mixing between the heavy and light neutrinos as well as the left and right W bosons, both Wg
and N couple only through RH currents. Assuming only one heavy neutrino is light enough to be produced in the
process, in a normally ordered hierarchical scenario, the total cross section of the process pp — eejj can be expressed

1 Other, possibly non-resonant production mechanisms as well as Triplet Higgs and Zp production processes can be considered, see for
example [79].
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FIG. 10: Production and decay of a heavy RH neutrino with dilepton signature at hadron colliders.

as
dr °
o(pp — eejj) = o(pp = Wg) X Bt(Wgr — eN) x Br(N — ¢jj) = |VN6|4 <Q_L> ocms(pp — eejy), (44)

where ooms(pp — eejj) is the cross section for g;, = gr and Vy. = 1 (heavy neutrino mixes purely to electrons)
as used in the CMS analysis. Instead, in our case we have gr/gr ~ 0.6 and |Vy.| =~ 0.85 for the best fit values
of neutrino oscillation parameters. This leads to an overall reduction of the signal cross section by a factor of
|Vnel*(9r/91)? ~ 0.16. This allows the excess to be interpreted as a signal, as shown in Fig. 11 (left) where the
calculated process cross section is compared with the CMS result. The dashed red curve gives the predicted cross
section as a function of My, and My = %MWR for gp = g1, and Viy. = 1 (essentially coinciding with the corresponding
curve in the CMS analysis) whereas the solid red curve corresponds to gr/gr, = 0.6 and |Vi.| = 0.82. The solid black
curve is the observed CMS 95% exclusion whereas the dashed grey curve and green (yellow) bands show the expected
95% exclusion with 1o (20) uncertainty, with an excess in the region 1.9 TeV < My, < 2.4 TeV. The absence of a upu
signal could also be understood as Vi ,| = 0.56 for best fit oscillation parameters with a normally ordered neutrino
spectrum. The predicted cross section o(pp — ppjj) analogous to Eq. (44) is also shown in Fig. 11 (left) and clearly
would not produce an observable excess.

The non-observation of a signal in previous searches for Wr — [N at CMS [76] and ATLAS [77], which report an
exclusion at 95% confidence level of My, = 2.5 TeV, can of course be easily understood with the suppressed cross
section. While apparently incompatible with a signal at ~ 2.1 TeV, this limit is also adjusted in our model. With the
aforementioned suppression of the cross section, we estimate that the previous LHC limits weaken to Myy,, 2 2.1 TeV.
A similar argument also apply to other collider limits such as from Wx — tb decay searches [78].

Despite the apparent strength of our model, we do not consider the excess to be successfully reconciled in our
model; firstly, the reported significance of 2.8¢ locally is not high enough, and it is not clear whether the absence
of a localized excess in the invariant mass of the heavy neutrino is statistically consistent with the observed excess.
Most importantly, though, we have so far omitted the issue of same sign versus opposite sign final state leptons. In
our model, the heavy neutrinos are proper Majorana particles, and the same number of positively and negatively
charged leptons from its decay are expected. On the other hand, CMS only observed 1 same sign event among the 14
candidate signal events, which would require a strong statistical fluctuation. The model could be enhanced to explain
the lack of lepton number violating events by incorporating quasi-Dirac heavy neutrinos, such as present in inverse
Seesaw scenarios. While the observation of LNV would provide a clear path understanding the physics of neutrino
mass generation and would for example have considerable impact on Leptogenesis [80, 81], TeV scale models typically
predict quasi-Dirac heavy neutrinos to evade unnaturally small Yukawa couplings.

We therefore assume in the following that the excess is only a statistical fluctuation, determine the excluded Wg
and N masses in our model and consider the future sensitivity of LHC searches. The potential phenomenology of the
process in Fig. 10 is very rich. As already noted, the final state e”e™ + 2 jets corresponds to lepton number violation
directly connected to 0v33, whereas leptons with different flavour such as e~ + 2 jets correspond to lepton flavour
violation. First and foremost, though, we are interested in the overall discovery sensitivity, i.e. we sum over all
first two generation leptons in the final state, including all combinations of same and opposite sign charges. The
discovery sensitivity of future LHC searches with luminosity of 3000~! fb in this case is displayed in Fig. 11 (right).
The dashed contours correspond to the 50 discovery and 90% exclusion significance, whereas the red shaded region
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FIG. 11: Left: Predicted cross sections o(pp — eejj) (red curves) and experimental exclusion limits as a function of the Wg
mass. The dashed red curve correspond to the LRSM case gr = g, Vne = 1. The solid (dotted) red curve correspond to the
D parity breaking scenario with gr = 0.38 and |Vne| = 0.82 (|Vu| = 0.56). The observed (solid black curve) and expected
(dashed grey curve and green / yellow bands) 95% exclusion limits are taken from [39]. Right: Discovery potential of the
process pp — Wr — lf':lg[’q: + 2 jets at the LHC as a function of the RH Wgr boson mass and heavy neutrino mass My. The
red shaded region is excluded by recent LHC searches. The value of the RH gauge coupling is gr = 0.38, and the neutrino
oscillation parameters are chosen at the best fit values.

is already excluded by recent LHC searches [39]. In order to determine this region, we assume that the observed
CMS sensitivity matches the expected sensitivity, resulting in a limit of My, 2 2.4 TeV for My = 1/2My,,. In our
calculation we make the simplifying assumption that the process in Fig.10 is mediated by a single heavy neutrino, or
more precisely, the lightest heavy neutrino. For hierarchical heavy (and light) neutrinos, this will be the dominant
contribution. For quasi-degenerate heavy neutrinos, the cross section will increase by a factor of ~ 3. Overall, future
LHC searches will be able to probe heavy W boson and neutrino masses up to 3 —4 TeV in the kinematically allowed
regime myy, > my.

VI. CONCLUSIONS

We have carried out a detailed analysis of the leptonic phenomenology of a class of TeV scale left-right symmetric
models with spontaneous breaking of D parity. This includes the low energy aspects of neutrino mass generation
within a type-II seesaw mechanism, Ov33 decay and lepton flavour violating decays as well as the relevant signatures
at the LHC. The main consequence of D parity breaking as compared to minimal models with manifest left-right
symmetry is the departure from the left and right gauge coupling equality, gr # gr. Our model emerges from a
non-supersymmetric SO(10) GUT scenario with a Pati-Salam symmetry at the highest intermediate scale. The main
effect of the model is realized by the reduced value of the RH gauge coupling gr ~ 0.6g;,, in contrast to most left-right
symmetry analyses assuming gr = gr..

The reduced RH gauge coupling suppresses all processes mediated by RH currents with various powers of (gr/gr.)
as compared to manifest left-right symmetry. This allows to lower the masses and scales of the model while evading
low energy and direct collider limits. We have concentrated on the analyses of the contributions to neutrinoless double
beta decay from non-standard effective operators mediated by the heavy states of the model. These processes are
suppressed by a factor of (gr/gr)® ~ 0.02 in Wxr — Wg mediated channels via the exchange of heavy neutrinos and a
heavy RH Higgs triplet. Within the dominant type-II seesaw scenario employed, the different contributions are tightly
correlated to the standard light neutrino exchange for a given lepton number symmetry breaking scale, leading to an
upper limit on the Ov53 half life.
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We have also analysed the predictions for the lepton flavour violating processes u — ey, u — eee and pu — e
conversion in nuclei. The dominant contributions to these processes are typically suppressed by (gr/gz)* and LFV
searches have therefore a relative advantage over Ovgf3 with respect to the sensitivity to heavy scales. LFV and
Ovp3S searches are also complementary in the sense that while Ov33 is especially sensitive to large neutrino masses
(quasi-degenerate spectrum), LFV processes are suppressed in this regime, due to a right-handed GIM mechanism.
On the other hand, LFV processes are especially sensitive for strong normally or inversely ordered neutrinos, with
future experiments such as COMET or Mu2e probing heavy neutrino scales of around 10 TeV.

We have not concentrated on the limits on our model coming from hadronic low energy processes, but we would
like to make a few pertinent comments here; The strongest indirect bound on My, is due to the Ki — Kg mass
difference [66-69],

2 2
IR 2.4 TeV>
hi|~ | = — | <L 45
o <9L ) < My, (45)
This results in the bound Myy,, > 2.5 TeV for manifest left-right symmetry whereas the (gr/gz)? suppression weakens
the limit to My, 2 1.5 TeV in our case.

Finally, we have also discussed the sensitivity of searches for Wr and N production at the LHC. If the Wr and
N only couple via right-handed couplings, as in our model with negligible left-right mixing, the LHC cross section of
resonant Wx production scales as (gr/gr)?, giving it a relative advantage over low energy LFV and LNV searches.
The latest results for this process have been published by CMS recently [39] with a reported limit of My, 2 3 TeV
applying to the manifest left-right symmetry case. The analysed data also includes a local 2.80 excess in the cross
section of pp — eejj for My, ~ 2.0 — 2.5 TeV. While not sufficiently significant, it is still interesting to speculate
whether this excess is generated by new physics beyond the SM. In [40] we pointed out that the smaller value of g in
models with D parity breaking is consistent with the observed excess. On the other hand, the predicted cross section
is too large in manifest left-right symmetry. We have here elaborated on this observation in our model, in which the
right-handed charged current mixing matrix is fully described by the light neutrino oscillation data. This also allows
us to understand the absence of an excess in the channel pp — pujj at CMS.

We would like to stress, though, that we do not attempt to explain the excess with our model. We simply consider
the excess as a motivation to further explore TeV scale physics models of neutrino mass generation at the LHC.
Low energy searches for Ovg and LFV decays together with future LHC searches such as for Wx production with a
projected sensitivity of My, ~ 4 —5 TeV (utilizing an integrated luminosity of up to 3000 fb~1) in our model will
strongly test TeV neutrino mass models.
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